We, for the first time, demonstrate high electrocatalytic activity for the hydrogen evolution reaction (HER) on PtFe alloy nanoparticles with stabilized Pt-skin layers supported on carbon black (Pt xAL -PtFe/C), which allows the reduction of Pt loading to be lowered to 1/20 compared with a conventional Pt black cathode in proton exchange membrane water electrolysis (PEMWE). The area-specific HER activity of Pt xAL -PtFe/C was found to be ca. 2 times higher than that of commercial Pt/C at 80 8C and À0.02 V vs. RHE. Pt xAL -PtFe/C exhibited the additional important advantage of suppressed H 2 O 2 production during the HER in the presence of O 2 , which inevitably diffuses from the anode in PEMWE.
High hydrogen evolution activity and suppressed H 2 O 2 production on Pt-skin/PtFe alloy nanocatalysts for proton exchange membrane water electrolysis † We, for the first time, demonstrate high electrocatalytic activity for the hydrogen evolution reaction (HER) on PtFe alloy nanoparticles with stabilized Pt-skin layers supported on carbon black (Pt xAL -PtFe/C), which allows the reduction of Pt loading to be lowered to 1/20 compared with a conventional Pt black cathode in proton exchange membrane water electrolysis (PEMWE). The area-specific HER activity of Pt xAL -PtFe/C was found to be ca. 2 times higher than that of commercial Pt/C at 80 8C and À0.02 V vs. RHE. Pt xAL -PtFe/C exhibited the additional important advantage of suppressed H 2 O 2 production during the HER in the presence of O 2 , which inevitably diffuses from the anode in PEMWE.
Both the excellent HER performance and low H 2 O 2 production are attributed to the lower adsorption energies of atomic hydrogen on Pt-skin surfaces, as revealed by DFT calculations.
High purity hydrogen is produced by water electrolysis with renewable electric power (such as photovoltaics or wind power systems), which levels the output fluctuations when combined with stationary fuel cells. Proton exchange membrane water electrolyzers (PEMWEs) show advantages such as high energy conversion efficiency at high current densities, as well as a compact system with easy maintenance and start-up/shut-down. However, one of the disadvantages of conventional PEMWEs is the use of large amounts of noble metal catalysts such as (Pt + Ir) black at the oxygen-evolving anode (Z2 mg Pt+Ir mg cm
À2
) and Pt black at the hydrogen-evolving cathode (Z2 mg Pt cm
). [1] [2] [3] [4] [5] [6] Our recent research has aimed to develop new electrocatalysts that can reduce the amount of noble metals down to 1/10 while maintaining high voltage efficiency e V exceeding 90%. We have recently succeeded in preparing new anode catalysts, IrO x nanoparticles on doped SnO 2 supports with a fused-aggregate structure, having the potential of decreasing the Ir loading to 0.1 mg cm À2 , while maintaining e V = 90% at 1 A cm À2 and 80 1C.
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At the cathode side, Pt catalysts have been commonly used which have high activity for the hydrogen evolution reaction (HER) in acidic media. The use of Pt nanoparticles supported on carbon black (Pt/C) can reduce the Pt loading markedly, compared with Pt black, 8 but Pt black has still been predominantly employed in practical PEMWEs in order to ensure a long lifetime of the membrane-electrode assembly (MEA). During water electrolysis, O 2 generated at the anode diffuses (''crosses over'') through the PEM to the cathode, resulting in the production of H Recently, we have found that Pt-M (M = Fe, Co, Ni) alloy catalysts, having a stabilized Pt skin (Pt xAL , one to two atomic layers), supported on carbon black (Pt xAL -Pt-M/C) exhibited higher activity for the hydrogen oxidation reaction (HOR) in 0.1 M HClO 4 solution at 70 to 90 1C than that of commercial Pt/C (c-Pt/C). Both the kinetically-controlled area-specific activity j k and mass activity MA k for the HOR on the Pt xAL -PtFe/C at 20 mV vs. reversible hydrogen electrode (RHE) were about 2 times higher than those of c-Pt/C. 13 In the present research, considering the general trend that Pt-based catalysts that display high activity for the HOR also display high activity for the HER, 14 we examine the activity for the HER on Pt xAL -PtFe/C, The Pt xAL -PtFe/C catalyst was prepared in the same manner as that described previously. 15 The specific surface area of the carbon black support was 780 m 2 g
À1
. Two commercial catalysts, c-Pt/C (46.1 mass% Pt, TEC10E50E, TKK) and Pt black (TPT-200, Tokuriki Honten Co., Ltd), were used for comparison. XRD patterns, elemental distributions, and TEM images of the catalysts are shown in Fig. S1 -S3 (ESI †). Electrochemical experiments were performed using a channel flow double electrode (CFDE) cell in 0.1 M HClO 4 at 80 1C, 16 while the working electrode (WE) employed herein was a glassy carbon (GC) substrate in order to minimize the H 2 O 2 production. The reference electrode used was a reversible hydrogen electrode (RHE), and all of the electrode potentials in this paper were given versus the RHE. Fig. 1a shows iR-free polarization curves for the HER on Pt xAL -PtFe/C, c-Pt/C, and Pt black in H 2 -saturated 0.1 M HClO 4 at 80 1C, in which the current is shown as the apparent mass activity (MA). The value of MA at all potentials increased in the order Pt black o c-Pt/C o Pt xAL -PtFe/C. The apparent areaspecific activities ( j s , based on the electrochemically active area, ECA) at À0.02 V on these catalysts are shown in Fig. 1b . Since the value of j s on c-Pt/C is comparable to that of Pt black, the higher MA on c-Pt/C than that of Pt black is well explained by its larger ECA (69.7 m 2 g Pt À1 vs. 6.8 m 2 g Pt À1 ). Notably, the value of j s on Pt xAL -PtFe/C was about 2 times higher than that of c-Pt/C, providing high MA, e.g., the MA of Pt xAL -PtFe/C at À0.02 V was À1.62 A mg Pt
, which is about 1.6 times higher and 20 times higher than that of c-Pt/C (À1.01 A mg Pt À1 ) and Pt black (À0.08 A mg Pt À1 ), respectively. In addition, an accelerated durability test of the catalysts was conducted by potential cycling between À0.03 and 0.95 V at 80 1C in N 2 -purged 0.1 M HClO 4 , which simulates the start-stop cycles for PEMWEs (see Fig. S4 , ESI †). As shown in Fig. 2 , the HER MA loss of Pt xAL -PtFe/C at À0.03 V after 5000 cycles was only 8%, whereas c-Pt/C showed a larger loss of 20%. The increased durability of Pt xAL -PtFe/C was attributed to the uniform particle size of Pt xAL -PtFe, as well as the increased rigidity of the Pt skin/alloy structure. 13, 17 Such superior properties (HER activity and durability)
of Pt xAL -PtFe/C at the practical operating temperature would make it possible to reduce the Pt loading for the PEMWE.
Next, we have measured the H 2 O 2 production rates at these catalysts during the HER. H 2 O 2 emitted from the WE of the CFDE was detected as the oxidation currents at the collecting electrode (CE) while hydrogen was also being generated at the WE. We note that the H 2 generated at the WE would also, in principle, be detected as HOR current at the CE, but, at the high potential (1.4 V) of the CE, the HOR is experimentally found to be suppressed. 18 Raw data are shown in Fig. S5 (ESI †). In any case, the small background current is subtracted. Fig. 3 In order to understand the details of the increased rate for the HER and suppressed rate of H 2 O 2 production on Pt skin-PtFe/C, density functional theory (DFT) calculations were carried out based on the stepped (221) surface, which includes (110) steps and (111) terraces, similar to those adopted in our previous work. 13 In the present work, we consider that the steps are active sites for the coupled association of hydrogen atoms and desorption of H 2 , commonly referred to as the Tafel step, as described by Santana et al. in their DFT study of the HOR and HER on Pt(110). 24 As shown in Table 1 , the H adsorption energy at the (110) step edge of Pt skin/PtFe(221) is smaller than that of Pt(221). The activation energy for the Tafel step calculated is closely related to the H adsorption energy: Pt skin/PtFe(221) exhibited a smaller activation energy by 0.42 eV, compared with Pt(221) (see Fig. S8 , ESI †). Thus, the higher rate for the HER on Pt xAL -PtFe/C is reasonably explained by the decreased H adsorption energy. Interestingly, on the (111) terraces of Pt skin/PtFe(221), the H adsorption energy was found to be even more significantly decreased, being smaller by 0.83 eV than that for Pt(221). This is consistent with lower y(H UPD ) on the Pt skin/PtFe than those of Pt/C or Pt black, as shown in Fig. S7 (ESI †) . In order to calculate the adsorption energy of H UPD as a function of coverage, we have used flat (111) models. As shown in Fig. S9 (ESI †), a honeycomb structure of the bridging H could be simulated at potentials below 0 V. 25, 26 As summarized in Table 2 , the adsorption energies are similar to those for the (111) terraces on the (221) surfaces (see Table 1 ), especially for Pt(111). Irrespective of y(H UPD ), Pt skin/PtFe(111) showed significantly lowered H adsorption energies than those for Pt(111).
It is also important to discuss the role of the overpotentially deposited hydrogen H OPD in these reactions. The H OPD has been proposed to form below 0.1 V and to be involved in the HER. However, it differs from the H adsorbed at (110) steps discussed above, which is associated with a CV peak often observed at ca. 0.1 V. 27 Specifically, we have reported that an intermediate of the HER on Pt is atomic H in the atop configuration, based on the in situ FTIR study, i.e., a peak of 2080-2090 cm À1 observed at potentials less positive than ca. 0.1 V was assigned to the H OPD on a polycrystalline Pt film electrode. 28 Such an assignment has been validated by DFT studies on Pt(111). 25, 26 The adsorption energies of the H OPD are smaller than those of H UPD , resulting in lower average adsorption energy (Table 2 and Fig. S10 , ESI †). The very weak adsorption of H means that, after its formation, it is very reactive, as discussed below. The H OPD could chemically reduce O 2 to form H 2 O 2 (step 1 in Fig. S11 , ESI †), and subsequently reduce H 2 O 2 further to H 2 O (step 2 in Fig. S8 and S11, ESI †). The gradual increase of r(H 2 O 2 ) at potentials between 0 to À0.06 V, and rapid decreases in r(H 2 O 2 ) at less positive potentials on all three catalysts (Fig. 3) can be explained well by the stepwise reduction of O 2 , based on our FTIR result that the coverage of H OPD increases gradually below 0.1 V and increases steeply with further increase in the cathodic overpotential. 28 Thus far, we have explained the potential-dependence of H 2 O 2 formation shown in Fig. 3 . Further, the DFT calculations suggests a more facile reduction of H 2 O 2 with H OPD on Pt skin/PtFe(111) in comparison with Pt(111) (Fig. S12 , ESI †), by 0.8 eV more exothermic, which can delay or slower the formation of H 2 O 2 , as seen for the less positive peak potential in Fig. 3 . Thus, based on both indirect experimental and DFT results, we conclude that the weaker adsorption of both H UPD and H OPD , affording reduced end-on adsorption of O 2 , as well as easier H 2 O 2 reduction by H OPD on the Pt xAL -PtFe surface, is responsible for the smaller H 2 O 2 production rate. However, obtaining direct experimental evidence addressing this point is challenging and will be the subject of ongoing research. In addition, it was found that the HER rates on all catalysts were suppressed by the presence of O 2 (Fig. S5, ESI †) . The suppression was comparable for Pt xAL -PtFe/C and c-Pt/C (by 13%) and somewhat larger for Pt black (by 20%) at À0.1 V in 0.1 M HClO 4 solution saturated with O 2 (1 atm). This is consistent with the strong adsorption of O 2 at the HER-active step sites (Table 1) . However, such a high O 2 concentration would not normally exist at the cathode catalyst layer/PEM interface, and thus, the depression of the HER current would be much lower. In any case, it is necessary to examine the actual oxygen concentration in the operating cell and its effects. We have also examined the performance and durability of the Pt xAL -PtFe/C cathode catalyst (0.2 mg Pt cm À2 , 1/10 that of standard Pt black) and a conventional anode (IrO 2 + Pt black) in a PEMWE single cell with a reference electrode (RHE). The polarization curves recorded for cell potential and the electrode potentials vs. RHE are shown in Fig. 4a . The cell potential E cell was 1.57 V (voltage efficiency of 94.3%) at 1 A cm À2 and 80 1C. The Pt xAL -PtFe/C cathode was found to operate stably for continuous operation at 1 A cm À2 and 80 1C for 1000 h (Fig. 4b) . In particular, we found that the membrane thickness was virtually unchanged (about 50 mm) after the durability test for 1000 h (Fig. S13 , ESI †), suggesting that the formation of H 2 O 2 near the Pt skin-PtFe/C cathode was possibly suppressed, which would be consistent with the CFDE results presented above. To further confirm that decreased H 2 O 2 production results in increased cell stability, a cell stability test with a cathode consisting of a commercial Pt/C catalyst will be carried out and reported elsewhere.
In conclusion, we report herein a new hydrogen evolution electrocatalyst having a Pt-skin surface on PtFe alloy nanoparticles dispersed on a carbon support (Pt xAL -PtFe/C). It exhibited ca. 2-times higher HER specific activity than commercial Pt catalysts, together with lower H 2 O 2 production during the HER in the presence of O 2 . DFT results suggest that weak H adsorption on the Pt skin/PtFe surface boosts the HER while suppressing H 2 O 2 production. This work contributes to expanding the understanding of HER electrocatalysis with accompanying H 2 O 2 formation, as well as the cost reduction of PEM electrolysis devices, which should promote larger scale application.
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